Gene-targeting efficiency in the land plant Physcomitrella patens (Bryophyta) can only be compared with that observed in Saccharomyces cerevisiae. Sequencing programs and microbiological molecular genetic approaches are now being developed to unravel the precise function of plant genes. Physcomitrella patens, as the new 'green yeast', might well become a major tool for functional genomic studies of multicellular eukaryotes.
Introduction
The extensive DNA sequence data sets that have been made available to the scientific community provide an outstanding tool for the investigation of the precise function of genes. The next decade will be devoted to functional genomics and several approaches are currently being applied to unravel gene function in plants [1] . Gene expression profiles in response to different experimental conditions can be established using DNA microarrays [2, 3] or by the analysis of populations of proteins separated by two-dimensional gel electrophoresis (i.e. through proteomics) [4] . Transgenesis is also extensively used for functional genomics. Along with overexpression studies, different insertional mutagenesis strategies including gene tagging [5 • ,6 • ,7] and gene trapping [8 • ] are being applied to identify the gene responsible for a detectable phenotype or to characterise the function of a specific gene.
In order to investigate gene function precisely, however, one needs to be able to generate specific mutations in a given gene and this is only possible when an efficient gene-targeting (GT) procedure is used. In GT experiments, the transforming DNA carries a mutated allele of the gene of interest along with a selectable marker. The homologous fragment targets the transforming DNA to the corresponding chromosomal locus where it integrates by homologous recombination (HR), resulting in either gene knock-out by insertion or point mutations by gene conversion (Figure 1 ).
Although GT is the standard method for the study of functional genetics in microbiological systems such as bacteria, yeast and some filamentous fungi, it can be applied to higher eukaryotic model systems only rarely. This is because the frequency of integration at random locations by illegitimate recombination (IR) in the higher eukaryotes is several orders of magnitude higher than that of targeted integration by HR ( Table 1 ). The high ratio of targeted to random integration events (i.e. 0.1-1%) in murine embryonic stem (ES) cells relative to that in other mammalian systems accounts for the extraordinary development of the mouse ES cell system for functional genomics in mammalian biology over the past 10 years [9, 10] . In plants, despite the fact that the feasibility of GT was demonstrated more than 10 years ago [11] , the ratio of targeted to random integration events observed remains too low to enable systematic GT approaches [12,13 • Table 2 ).
The moss Physcomitrella patens (Funariales, Bryophyta) is being developed as a model system for plant biological studies. The dominance of the haploid gametophyte in the life cycle of this moss facilitates genetic analysis. Both apical and caulinary growth can be studied at the singlecell level during gametophytic development. The metabolism and development of P. patens are controlled by the same growth substances (i.e. auxin, cytokinin and abscissic acid) and environmental signals as those acting in other land plants. However genetic transformation studies have revealed that, unlike in angiosperms, GT is the predominant pathway of genetic transformation in P. patens. In this review, we discuss the implications of this finding for functional genomic studies in plant biology.
Efficient GT is correlated with the dominant pathway of DNA double strand break repair
Genetic and biochemical studies conducted in S. cerevisiae provide a general model for the high efficiency of GT in yeast [15,16 •• ] . Integration of foreign DNA sequences in the genome by HR or IR seems to be tightly correlated with the dominant pathway used by the cells to repair DNA double-strand breaks (DSB). In S. cerevisiae, DSB repair by HR is the predominant mechanism and the genes involved in this repair pathway have been assigned to the RAD-52 (radiation-sensitive-52) epistasis group. In contrast, DSB repair by non-homologous end joining (NHEJ) in S. cerevisiae is a minor pathway involving genes belonging to the RAD-50/Ku-70 epistasis group [16 •• ] . Genes homologous to those of the S. cerevisiae RAD-52 and RAD-50/Ku-70 epistasis group have been identified in plant [17,18 • ] and mammalian systems [19] , and their studies have further confirmed that inefficient GT in plants and mammals can be correlated with the fact that DSB are predominantly repaired by NHEJ in these organisms.
Yet, the genetic determinants that favour DSB repair by HR rather than by NHEJ are currently unknown. This is illustrated by the fact that a mutation that specifically alters the ratio of targeted to random integration events observed during integrative transformation has not yet been identified in yeast. Obviously, the identification of these genetic determinants will be an important advance in biology as it would not only allow GT approaches to be broadly applied in functional genomic studies, but also enable accurate gene therapy and the evaluation of engineered genes in their own chromosomal environment (i.e. it will facilitate protein design). subsequently integrates in the target locus by homologous recombination. # These high GT/IR ratios were obtained by a positive/negative selection screen in which the promoterless coding sequence of the selectable marker is fused to the promoter of the target gene (see Figure 1c ). This strategy is a very efficient method of counter-selecting illegitimate integration events but does not change the low yield of GT events. ¶ nd, not determined. 
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Genetic transformation of Physcomitrella
Two classes of antibiotic-resistant colonies are observed following polyethylene-glycol-mediated direct transfer of bacterial plasmids carrying a plant antibiotic-resistance cassette into protoplasts [20] . The first class is characterised by resistant colonies displaying reduced growth rates on antibiotic-supplemented medium and a rapid loss of the resistance gene following a period of growth on nonselective medium. These antibiotic resistant colonies are obtained at relative transformation frequencies (RTF) as high as 10% (where RTF are the number of antibiotic resistant colonies divided by the number of surviving colonies after transformation), corresponding to several hundred clones per µg transforming DNA [21] . Subsequent molecular analyses of such strains have revealed that the transforming plasmid is concatenated to form high molecular weight episomal structures that are replicated in moss cells but display poor mitotic segregation [21, 22, 23 • ]. These 'replicative transformants' are obtained in every transformation experiment and provide the basis for the future development of shuttle vectors and moss artificial chromosomes [21] .
The second class is characterised by antibiotic resistant colonies displaying mitotic stability and Mendelian segregation of antibiotic resistance genes. In the absence of sequence homology between the transforming DNA and the moss genome, these integrative transformants are recovered at RTF in the range of 10-5 (circa one clone per 10-50 µg DNA) [20] . Considering the efficient replicative transformation frequencies observed in these experiments, these data suggest that integration of foreign DNA sequences at random locations of the genome by illegitimate recombination is possible but not very efficient.
GT is as efficient in Physcomitrella as in S. cerevisiae
Experiments designed to target artificial loci previously generated in the moss genome by illegitimate recombination provide the first evidence to suggest that homologous recombination is the predominant pathway of integration of DNA sequences in the genome of P. patens. Two plasmids that are homologous except for the antibiotic resistance gene (i.e. carrying a kanamycin or a hygromycin resistance gene, respectively) have been used independently to generate kanamycin-or hygromycinmono-resistant transgenic strains. These strains have subsequently been retransformed with the other plasmid to generate kanamycin and hygromycin resistant transgenic strains. These experiments revealed that RTF are one order of magnitude higher in mono-resistant transgenic strains than those in the wild-type strain and that this increase is correlated with co-segregation of both antibiotic selectable markers in 87% of the tested plants ( [21, 22 ,24]; Table 2 ). Subsequent molecular analyses have confirmed integration of the second plasmid into each target artificial locus by homologous recombination (DG Schaefer, S Vlach, unpublished data).
To rule out the possibility that such high GT efficiency could be associated with unusual features connected with artificial loci, subsequent GT experiments have been performed on three single-copy unsequenced moss genomic sequences [25] . RTF are again one order of magnitude higher with plasmids carrying moss genomic sequences as compared to those observed with plasmids lacking sequence homology to the moss genome. Southern blot analyses have confirmed targeted integration by HR between the transforming DNA and the genomic homologous sequences at every tested locus and in 66-100% of the plants analysed (Table 2) . Consequently, it has been concluded that HR is the predominant pathway used by Physcomitrella to integrate foreign DNA sequences in the genome [25, 26] . Subsequently, the optimal and minimal extents of sequence homology required to target genes in Physcomitrella have been assessed, as has the specificity of GT in this moss. The specificity of GT in Physcomitrella was determined in experiments designed to target a specific member of the highly conserved chlorophyll a/b binding protein multigene family (i.e. the cab ZLAB1 locus). Although sequence homology between 11 members of the cab multigene family is as high as 88-93% at the nucleotide level, successful targeting of the ZLAB1 locus has been achieved in 30% of the transgenic plants analysed (Table 2) . Sequence analysis of the hybrid junctions between chromosomal and plasmid sequences has confirmed the fidelity of HR-mediated targeted integration at the base-pair level [27 • ].
The minimal and optimal extent of sequence homology required for GT was determined in experiments designed to target the adenine phosphoribosyl transferase gene of Physcomitrella (Ppapt Table 2 ). Using genomic DNA (gDNA)-based gapped replacement vectors, stretches of homology ranging from 500-700 bp are sufficient to target the apt locus at RTF as high as 10 -3 (up to one clone per µg DNA). These experiments have also revealed that targeted insertion versus conversion events occur at similar frequencies, demonstrating that point mutagenesis is directly accessible in Physcomitrella. These optimal and minimal sizes of homologous sequence required for GT correspond to those observed in yeast and have been independently confirmed in gene knock-out experiments on the ftsZ, ∆-6 desaturase and mcb1 loci, which will be discussed below (Table 2) . Thus, we can conclude from these data that GT is as efficient in P. patens as in S. cerevisiae, much easier in P. patens than in mouse ES cells and several orders of magnitude more efficient in P. patens than in most other eukaryotes. In fact, P. patens ranks among the most efficient multicellular eukaryotes for functional genomics studies using GT (Tables 1,2) .
Why is GT so efficient in Physcomitrella?
Obviously, achieving GT in eukaryotes is not a 'just so story' and two hypotheses have been proposed to account for the high efficiency of GT in P. patens. First, efficient GT may be correlated with the dominance of the gametophytic haplophase in the life cycle of Bryophytes [21, 25] . This proposition is based on the observation that a ratio of targeted to random integration events above 1% seems to be restricted to primitive and/or haploid eukaryotes, such as protozoa, yeast, some green algae and filamentous fungi (Table 1 ). Yet such a ratio is not sustained in wild-type S. cerevisiae, which is naturally diploid. The proposition is also supported by the assumption that DSB in a haploid genome have to be repaired by HR in order to maintain the integrity of the genome. GT experiments performed on the gametophytic cells of vascular plants may validate this correlation.
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Biological process ESTs Species* Plant development MADS box genes P Homeobox genes P Hormone-mediated Auxin binding protein ABP1 C responses Auxin resistance protein AXR1 P ABA-responsive protein P, C Transduction Ser/threo phosphatase 2A, 2C P, C pathways G-proteins subunit P GTPase rac1, rac4 P Protein kinase C, MAP, cAMP P, C Plant-pathogen CF-4/9 haplotype resistance gene P interactions CF-9 resistance gene cluster P Lipoxygenase lox1, lox3 P, C Transcription factors Myb 3R-1 P Myc P Cellular ultrastructure Actin P, C Tubulin α, β, γ P FtsZ1 and FtsZ2 P DNA metabolism DNA polymerase γ P RNA polymerase I, II, III subunits P, C Topoisomerase I P Cell wall metabolism Pectin methylesterase P, C Cellulose synthase P, C *The moss EST database (URL http:www.ncbi.nih.gov) contains mainly sequences from Physcomitrella patens (P) but also some sequences of another species from the Funariales family, Ceratodon purpureus (C). C. purpureus is currently used in studies of phototropic responses and of the mechanism underlying the establishment of cell polarity. ABA, abscisic acid; CF-4/9, Cladosporium fulvum-4/9; MAP, mitogen-activated protein.
The second hypothesis is based on the observation that P. patens chloronemal cells, from which protoplasts are isolated for transformation experiments, divide synchronously every 24 hours and are arrested for most of the day at the G 2 →M boundary [29, 30] . Reski [30] proposed that efficient GT could be correlated with this cell cycle arrest but this assumption is not supported by controversial data from other biological systems. Experiments conducted in S. cerevisiae have not shown any correlation between GT efficiency and cell cycle stages, except that DSB repair by NHEJ induced by the site-specific HO endonuclease drops nearly 100-fold during G 1 [16 Gene disruption in Physcomitrella generates predicted and unpredicted phenotypes that may be complemented by genes from other plant species
Strepp and co-workers successfully disrupted the ftsZ1 gene of P. patens, which encodes an ancestral tubulin that is thought to be involved in chloroplast division [29] . As predicted, the ftsZ knock-out phenotype is characterised by the presence of a single giant chloroplast per cell instead of the 50 chloroplasts that are usually found in wild-type cells. Girke and co-workers have generated ∆-6 desaturase knock-out strains whose phenotype is a severe alteration of the normal P. patens fatty-acid pattern [32] . Even more interestingly, Girod et al. [33, 34 
Conclusions
Efficient GT in P. patens finally provides the missing genetic tool required for fine functional genomic studies in plants. Research with P. patens is entering an expansion phase. This is the appropriate time to consider the opportunity to initiate a genome-sequencing program for P. patens, which has a genome size only twice that of Arabidopsis and similar to that of rice, that would provide the scientific community with information indispensable for future research. Considering the importance of efficient GT for functional genomics and the developmental complexity of P. patens compared to the few other eukaryotes in which this technology is possible, further progress may place this plant at the forefront of biological studies in multicellular eukaryotes. [21] suggesting that plasmids can be concatenated to form high molecular weight extrachromosomal structures that are replicated in moss cells. This finding provides the starting point to the development of moss artificial chromosomes and moss shuttle vectors. The discrepancies in transformation frequencies described in this report and in [21] are probably caused by differences in the transformation protocols. •27. Hofmann AH, Codon AT, Ivascu C, Russo VEA, Knight C, Cove DJ, Schaefer DG, Chakhaparonian M, Zrÿd J-P: A specific member of the cab multigene family can be efficiently targeted and disrupted in the moss Physcomitrella patens. Mol Gen Genet 1999, 261:92-99. The accuracy of GT in Physcomitrella is demonstrated on a specific member of a highly conserved multigene family, and HR events are documented at the sequence level. 
